Abstract-A bandpass filter is designed using two end-connected quarter-wavelength stepped impedance resonators. The quarter-wavelength stepped impedance resonators are implemented by a half-wavelength stepped impedance resonator with its middle shorting to ground. Hence, the modes that the λ/4 stepped impedance resonator supports are the (1+2n)/4 which also occur on the branches of a combline. An enhanced U-shape coupling feed is adopted in the filter design to reduce the insertion losses as well as suppressing the harmonics. The proposed filter has a quasi-elliptic frequency response. An equivalent circuit model is developed and the experiments are conducted for circuit design verification.
For recent microwave component developments, microstrip involves low cost, light weight, and simple design method should remain the most desired structure for most of microwave circuits even if numerous prescient technologies have been proposed [1, 2] . Among these circuits, especially for the microstrip filter designs, the issue of circuit miniaturization has attracted researchers' attention for a long time. In microstrip filter configurations, one considers a quarter-wavelength microstrip resonator more space conservative while compared with the conventional half-wavelength microstrip resonator. Among the diverse configurations of the microstrip resonators, such as a straight uniform-line, a hairpin, and the stepped impedance resonator (SIR), the latter might be the most popular candidate for the filter design for its smaller size and the controllable second harmonic [3] . Plenty of researches in filters are reported using various variations of SIR configurations [4] [5] [6] . They are creditable for the efforts made in minimizing the circuit size or in suppressing the harmonics. The resonators used in their filter designs belong to the half-wavelength type which might be limited in further size reduction. In [7] , quarter-wavelength resonators in conjunction with half-wavelength ones are successfully implemented in filter design. Their filter design is brilliant which processes multiple harmonics suppression, but the combined structure is somewhat complicated and needs to be fine adjusted to achieve good performance.
In this paper, we propose a bandpass filter (BPF) design using two connected quarter-wavelengthSIRs with the joint shorting to the ground. These connected SIRs can be easily built by a halfwavelength three-sectioned SIR with its middle point shorting to ground through a metallic via hole. The shorting via, which also serves as an impedance inverter between the λ/4 SIRs, can be equalized by an equivalent shunt inductance in a circuit model. The three-sectioned SIR is bended to a hairpin shape to save the space, and a capacitively coupling structure is employed in the feed which together with the former lend the filter a quasi-elliptic frequency response. This filter's quasielliptic response is attributed to the cross-coupling between the input and output. Such frequency response might grand the filter a sharp roll-off of the passband edges and high signal selectivity. In addition, the two connected λ/4 SIRs feature the circuit a two-staged filter. In order to verify the performance of the proposed circuit, the experiments are conducted and good conformance is well-kept between simulation and measurement.
DESIGN OF THE QUARTER-WAVELENGTH SIR FILTER
In view of having the same central frequency, the typical half -(with one shorting end) and quarter-wavelength SIR (with both ends open) shown in Fig. 1(a) are taken into consideration for building a reduced size BPFs. Shown in Fig. 1(b) is the equivalent circuit model of Fig. 1(a) . These mentioned λ/2 SIR is formed by two identical microstrip lines sandwiching an unequal width microstrip line. The SIR is bent to a hairpin shape for saving the circuit space. The SIR is then split up into two λ/4 SIRs by shorting its middle point to ground through a metallic via hole. For a half-wavelength uniform width resonator, the spurious responses should occur around (n + 1)f 0 , where n = 1, 2, 3, . . .. On the contrary, the spurious responses of quarter-wavelength one will arise at (2n + 1)f 0 . The later one seizes more attractions with its wider rejection bandwidth accounting for the first spurious that appears at 3f 0 , which results in a wider stopband bandwidth. Fig. 1(a) , the U-shape enhanced coupling feed, which has a better coupling effect and lower insertion losses than those of the conventional parallel-coupled lines. The separation space (denoted by s) between the two U-shape structures can provide a direct coupling between the input and output ports. The strength of the direct coupling (also called a cross-coupling) can be managed by adjusting the separation distance s. This cross-coupling together with the via hole result in the quasi-elliptic response of the proposed filter. The dimension of the via diameter is founded to be inversely proportional to the value of the shunt inductance in Fig. 1(b) , and can be used to tune the coupling between the two connected λ/4 SIRs. The tapping position, d, should be carefully chosen to match the circuit's loaded Q factor, and it is also fine tuned to eliminate the filter's spurious response. Three transmission zeros can be created and predicted by the equivalent circuit model. The first two zeros are allocated by each side of the passband to enhance the filter's signal selectivity.
Shown in
The positions of these created zeros are primarily dominated by the lumped elements C 1 , C 2 , and C SL of Fig. 1(b) , which physically count for the coupling capacitances between each U-shape structure and the SIR, and the coupling one between the two U-shape structures. Shown in Fig. 2 are the simulated frequency responses obtained from using the equivalent circuit model of Fig. 1(b) and the full wave electromagnetic simulator, IE3D. The lumped elements in Fig. 2 have the values of C 1 = C 2 = 0.16 pF, C SL = 0.0175 pF, and L v = 0.08134 nH. The electrical length θ t is equal to 168 • . It is observed that this equivalent model can exactly simulate the filter's frequency response and predict the filter's characteristics. 
SAMPLE RESULTS
The proposed circuit is fabricated on a 0.635-mm-thick RT/duroid 6010 substrate along with dielectric constant 10.2 and loss tangent 0.0023. The impedances are 48 and 40 ohm, respectively, for the corresponding sections of the SIR in Fig. 1 In addition to reduce the insertion losses, the U-shape coupling can also effectively suppress the first spurious response, which is predicted at around 3f 0 , occurred at 7.8 GHz. As the result, the upper rejection bandwidth is obtained from 2.735 GHz to the region beyond the measured upper scope of 8 GHz; all are over 20 dB band rejections. And the measured minimal passband insertion loss is about 1.87 dB at 2.435 GHz with a 9.5% passband bandwidth. The discrepancy between simulated and measured curves is mainly due to the tolerance of fabrication. The simulated and measured frequency responses exhibit great agreement for this design. Shown in Fig. 4 is the photograph of proposed BPF. 
CONCLUSIONS
We have successfully demonstrated a quasi-elliptic BPF built by simple but rather small size quarter-wavelength SIRs. The proposed BPF exhibits good selectivity, wide rejection bandwidth, and size reduction benefit. An inductive via together with the coupling feed gives the filter a quasi-elliptic frequency response. In addition, the U-shape enhanced coupling feed suppress the filter's first spurious response and thus effectively extend the stopband bandwidth. The simple but effective design methodology is presented, and the experimental results are in good agreements with the simulations. It is believed that the proposed filter should find many applications in commercial communication systems.
